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In this contribution we study the effects of three transport coefficients
of dissipative hydrodynamics on thermal dilepton anisotropic flow ob-
servables. The first two transport coefficients investigated influence the
overall size and growth rate of shear viscous pressure, while the last trans-
port coefficient governs the magnitude of net baryon number diffusion
in relativistic dissipative fluid dynamics. All calculations are done using
state-of-the-art 3+1D hydrodynamical simulations. We show that thermal
dileptons are sensitive probes of the transport coefficients of dissipative
hydrodynamics.
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1 Introduction
A hydrodynamical model of the medium created in relativistic heavy-ion collisions
allows to constrain various transport properties of QCD. At high collisions energies
such as those at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL) or at the Large Hadron Collider (LHC) at CERN, focus is given to
extracting viscous transport coefficients, such as shear and bulk viscosity, of nuclear
media. At lower collisions energies — such as those probed by the Beam Energy Scan
(BES) Program at RHIC or at the upcoming the Compressed Baryon Matter (CBM)
Experiment at the Facility for Antiproton and Ion Research (FAIR) – hydrodynamical
simulations become more sensitive to conserved charges their diffusion; the prime
example being net baryon number. Hence, at the highest collisions energy produced
at RHIC
√
sNN = 200 GeV, we will explore the effects of two transport coefficients
governing the size and growth rate of the shear viscous pressure, shear viscosity and
shear relaxation time, via their influence on the anisotropic flow of thermal dileptons.
Similarly, at the lowest collision energy probed by the BES
√
sNN = 7.7 GeV, we
will investigate the effects of net baryon number density and its diffusion on dilepton
emission.
The interest in describing lower beam energy nucleus-nucleus collisions via hy-
drodynamics was invigorated in recent years, owing to developments in Lattice QCD
(`QCD), which can describe the Equation of State (EoS) of nuclear media at high
temperature (T) and finite net baryon chemical potential µB. The description of the
`QCD EoS at finite µB currently relies on using the Taylor expansion of the grand
canonical partition function around µB = 0 [1, 2].
∗ So, these proceedings will use
two equations of state: at high energies, the canonical formalism is used [4], while at
lower beam energies the grand canonical formalism is employed instead [5].
Let it be made clear at this point that given how recent the equation of state
at finite µB is, and the general lack studies regarding the size various transport
coefficients of dissipative hydrodynamics at lower beam energies (especially their µB-
dependence), we will be focusing on trends observed in the dilepton results as the
µB-dependent EoS and baryon diffusion are dialed in the hydrodynamical evolutions.
∗However, a Taylor expansion around µB = 0 cannot capture the physics of phase transitions
that may occur at a certain point in the T–µB plane, as the EoS would become a non-analytic
function around a phase transition. Hence other method, e.g. complex Langevin dynamics [3], bear
promise to extract the EoS at high T or µB .
1
2 Hydrodynamical equations
Throughout these proceedings, the second order Israel-Stewart hydrodynamical equa-
tion of motion being solved are:
∂µT
µν = ∂µ
[
T µν(0) + pi
µν
]
= ∂µ [εu
µuν −∆µνP + piµν ] (1)
∂µJ
µ
B = nBu
µ + V µ (2)
where T µν is the stress-energy tensor, uµ is the fluid 4-velocity, P is the pressure and
∆µν = gµν−uµuν , gµν is the Minkowski metric with signature (+,−,−,−), piµν is the
shear viscous pressure tensor (or simply the shear-stress tensor), nB is the net baryon
number density, and V µ is the net baryon number diffusion 4-vector (or simply the
baryon diffusion). The shear-stress tensor and the baryon diffusion further satisfy the
following relaxation equations:
τpi∆
µ
α∆
ν
βu
σ∂σpi
αβ + piµν = 2ησµν − 4
3
τpipi
µνθ (3)
τV ∆
µ
νu
σ∂σV
ν + V µ = κ∇µα0 − τV V µθ − 3
5
τV σ
µνVν (4)
where τpi and τV are the relaxation times for the shear-stress tensor and the baryon dif-
fusion, respectively, while σµν = ∆µναβ∂
αuβ with ∆µναβ =
1
2
[
∆µα∆
ν
β + ∆
µ
β∆
ν
α
]
− 1
3
∆µν∆αβ,
θ = ∂µu
µ, and α0 =
µB
T
. Finally, η is the shear viscosity and κ is the net baryon num-
ber conductivity. Terms containing 4
3
τpi, and
3
5
τV , along with the term τV in front of
V µθ, can be derived from solving the Boltzmann equation in the 14-moment approx-
imation.
At high energies
√
sNN = 200 GeV we will set nB to zero. In that case, we will
study the effects of τpi and η on the evolution of the medium. Their effects will be
investigated by varying them as follows:
τpi = bpi
η
ε+ P
(5)
η
s
= m
(
T
Ttr
− 1
)
+
1
4pi
(6)
where 3 values of bpi andm are chosen, namely bpi = 5, 10, 20 andm = 0, 0.2427, 0.5516,
while Ttr = 0.18 GeV. More precisely, while the effects of τpi are being studied, m = 0
is being kept throughout, while when the effects of η
s
are being studied bpi = 5.
At a beam energy of
√
sNN = 7.7 GeV, the goal is to explore the influence of
nB and V
µ on the hydrodynamical evolution. Indeed, we will only be interested in
trends these two degrees of freedom induce on the evolution of the medium, with
more detailed studied being reserved for a future publication. For that purpose, we
choose τV =
0.2
T
, κ = 0.2nB
µB
, which are inspired from the AdS/CFT calculation in Ref.
[6].
2
3 Initial and freeze-out conditions
Given the two sets of collision energies being explored, i.e.
√
sNN = 200 GeV and√
sNN = 7.7 GeV, two sets initial conditions will be discussed. For high energy col-
lisions we use the Monte Carlo (MC) Glauber model, while at lower beam energy
an average of 1000 MC Glauber initial distributions is used. In both cases how-
ever, no fluctuation are present in the longitudinal direction (i.e. along the beam
direction) hence the initial energy density profile can be decomposed into a lon-
gitudinal and a transverse piece. To do so, we introduce hyperbolic coordinates
(t, z) = (τ cosh ηs, τ sinh ηs), where τ is the proper time τ =
√
t2 − z2, and ηs is the
space-time rapidity ηs = (1/2) ln [(t+ z)/(t− z)]. Thus, the energy density profile
ε (τ0, x, y, η) = g(ηs)εT (x, y) where, at
√
sNN = 200 GeV, we take a g(ηs) profile that
is approximately boost invariant near mid-rapidity, falling off like a Gaussian at large
rapidities:
g(ηs) = exp
[
−(|η| − ηflat/2)
2
2η2σ
θ (|η| − ηflat/2)
]
(7)
with (ηflat, ησ) = (5.9, 0.4), thus obtaining a good description of the
dN
dy
distribution
of charged hadrons at 20-40% centrality. At
√
sNN = 7.7 GeV,
g(ηs) = N
{
Θ(|ηs| − ηs,0) exp
[
−(|ηs| − ηs,0)
2
2∆η2s,1
]
+ [1−Θ(|ηs| − ηs,0)]
[
A+ (1− A) exp
[
−(|ηs| − ηs,0)
2
2∆η2s,2
]]}
, (8)
N =
1√
2pi∆ηs,1 + (1− A)
√
2pi∆ηs,2 + 2Aηs,0
(9)
where g(ηs) is used to initialize both the energy density and the net baryon density
(nB) in the longitudinal direction, while N is chosen such that
∫
dηsg(ηs) = 1. The
parameters ηs,0 = 2.09, A = 0.8, ∆ηs,1 = 0.7, ∆ηs,2 = 1 were chosen so that the
net proton rapidity distribution dN
dy
is reproduced at
√
sNN = 7.7 GeV and 0-80%
centrality. The transverse direction is further decomposed into a contribution from
binary nucleon-nucleon collisions and wounded nucleons, the latter being computed
according to the Glauber model [7].
We always take the initial flow profile to be zero, i.e., uµ(τ0) = (1, 0, 0, 0) in
(τ, η) coordinates, where τ0 = 0.4 fm/c at
√
sNN = 200 GeV, while τ0 = 0.6 fm/c
at
√
sNN = 7.7 GeV. The initial shear-stress tensor and baryon diffusion vector are
piµν(τ0) = 0 and V
µ(τ0) = 0. The energy density being initialized, we now turn our
attention towards the initial net baryon number density nB. Indeed, we initialize nB
as:
nB(x, y, ηs) = Fg(ηs)n
⊥
B(x, y) = Fg(ηs)2TAu(x, y) (10)
3
where TAu =
∫
dzρAu(x) is the nuclear thickness function of nucleus where ρAu(x) is
the Woods-Saxon distribution of the gold nucleus. The overall normalization F is
tuned such that the number of participants Npart obtained from the Glauber model
is reproduced.
At this point all initial conditions have been specified. The hydrodynamical evo-
lution is frozen-out a constant TFO = 145 MeV at
√
sNN = 200, while a constant
energy density of 0.1 GeV/fm3 is used at
√
sNN = 7.7 GeV. Indeed, we found that
freezing-out at a constant energy density instead of temperature yields a better fit
to hadrons at
√
sNN = 7.7 GeV. The next step is to present the dilepton rates being
used throughout these proceedings, before discussing results.
4 Dilepton production rates
There are two important sources of thermal dileptons: in the hadronic medium (HM)
the dominant source of thermal dileptons comes from in-medium vector mesons,
while in the partonic sector an important source of dileptons comes from the quark–
antiquark annihilation in the Born approximation. There are more sophisticated
calculations in the quark gluon plasma (QGP) sector, such as those in Refs. [8, 9],
however these two calculations are currently not amenable to a dissipative description
of the medium and hence will not be considered at this time.
In the hadronic sector the dilepton production proceeds through a direct decay of
in-medium vector mesons into dileptons, giving the dilepton rate:
d4R
d4q
= −
[
1 +
2m2`
q2
] [
1− 4m
2
`
q2
]1/2
α2
pi3
1
q2
∑
V=ρ,ω,φ
m4V
g2V
ImDRV (q; β, µB)
(eβq0 − 1) (11)
where m` is the mass of the lepton, q
2 = qµqµ and q
µ is the 4-momentum of the
virtual photon, α = 1/137 is the electromagnetic coupling, mV is the mass of the
vector meson, gV is the strength of the coupling between the vector meson and the
photon, β = 1
T
is the inverse temperature, while ImDRV is the imaginary part of the
vector meson propagator, which contains its in-medium mass and width properties.
The computation of ImDRV is involved and can be found in Ref. [10].
The Born dilepton rate in the QGP is:
d4R`
+`−
d4q
=
α2EM
6pi4
[
1 +
2m2`
q2
] [
1− 4m
2
`
q2
]1/2
1
eβq0 − 1 ×H(q; β, µB) (12)
where
H(q; β, µB) =
1−
1
β |q| ln
1 + e−
β(q0−|q|+µB/3)
2
1 + e−
β(q0+|q|+µB/3)
2
− 1β |q| ln
1 + e−
β(q0−|q|−µB/3)
2
1 + e−
β(q0+|q|−µB/3)
2

 .
(13)
4
The dissipative correction δR to the dilepton rate accounting for baryon diffusion,
in both the QGP and the HM sectors, is computed in a similar fashion to the shear
viscous correction derived in Ref. [10]. That is, the dissipative correction δn to the
thermal distribution function takes the form:
ntotal(p · u) = n(p · u− biµB) + Cn(p · u)(1± n(p · u))
[
nBT
ε+ P
− biT
p · u
]
pµVµ
T κˆ
(14)
where n is the thermal Bose-Einstein/Fermi-Dirac distribution with pµ being the
4-momentum of the Boson/Fermion, κˆ = κ
τV
, C = 1 for simplicity, while
bi =

−1 if i is a antibaryon
1 if i is a baryon
0 otherwise
bi =

−1
3
if i is a antiquark
1
3
if i is a quark
0 otherwise.
(15)
5 Effects of τpi and
η
s(T )
We can already predict qualitatively the effects of τpi on the evolution of pi
µν from:
(i) Eq. (3) and (ii) using the fact that the initial conditions of piµν(τ0) = 0. Indeed,
since Eq. (3) is a relaxation equation, increasing τpi (with pi
µν(τ0) = 0) postpones the
development of piµν at early times, thus making the system behave more like ideal
fluid with T µν → T µν0 . This behaviour is explicitly confirmed in the left panel of Fig.
1. Thus, any viscous effects at early times are supposed to be suppressed with larger
τpi, which will affect the development of anisotropic flow harmonics.
We have computed the anisotropic flow harmonics of thermal dileptons according
to the scalar product method:
vγ
∗
n =
〈
vhnv
γ∗
n cos
[
n
(
Ψγ
∗
n −Ψhn
)]〉
ev√
〈(vhn)2〉ev
(16)
where 〈. . .〉ev is an average over events. The vsn and Ψsn in single event are given by
vsne
inΨsn =
∫
dpTdydφpT
[
p0 d
3Ns
d3p
]
einφ∫
dpTdydφpT
[
p0 d
3Ns
d3p
] (17)
where p0d3N s/d3p (or d4N/d4p for a virtual particle) is the single-particle distribution
of particle species s. We have chosen s to be all charged hadrons up to a mass of 1.3
GeV.
Looking back at Eq. (3), anisotropic flow vγ
∗
n develops faster for high pT dileptons
as τpi increases (see the right panel of Fig. 1), since these high energy dileptons mostly
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Figure 1: (Color Online) Left panel: Event-averaged shear-stress tensor in the local
rest frame of the fluid cell located at x=y=2.625 fm, z=0 fm. Results with bpi = 5
are in red, bpi = 10 in dark green and bpi = 20 in light green. Right panel: Dilepton
elliptic flow as a function of τpi at
√
sNN = 200 GeV and 20-40% centrality class.
originate from the QGP, where the size of the piµν is smaller with increasing τpi. The
medium having the larger τpi will, however, become more viscous at later times, i.e.
will have a larger piµν (see left panel of Fig. 1). Thus low pT thermal dileptons will
have smaller flow as τpi increases (see right panel of Fig. 1). Therefore, it may be
possible to constrain τpi from dilepton flow data provided the statistical/systematic
uncertainties are sufficiently small. Note that hadronic v2 is essentially insensitive to
τpi [11].
Thermal dileptons are also quite sensitive to the temperature dependence of η
s
as
can be seen in Fig. 2, where the v2 of thermal dileptons was again computed using
the scalar product method. Note that the ordering of the curves follows closely the
momentum anisotropy p ≡ 〈T xx − T yy〉/〈T xx + T yy〉 of the system. The physical
reason behind the ordering of the p curves in Fig. 2 will be explored in an upcoming
publication. The goal here is to show that the v2 of thermal dileptons is sensitive to
the slope of the linear temperature dependence of η
s
chosen, while the v2 of charged
hadrons isn’t, see [11]. This statement of course only holds true for the top collision
energy at RHIC. Hence thermal dileptons can be used to study the temperature
dependence of η
s
in the QGP phase, and even in the transition between QGP and
HM, at RHIC.
6 Dileptons from the Beam Energy Scan
The dilepton results from the BES will be presented as follows: effects of an equation
of state with finite µB will be studied first before investigating the influence of baryon
diffusion, and thus baryon conductivity κ, on dilepton production. The dilepton yield
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Figure 2: (Color Online) v2 of thermal dileptons as a function of invariant mass (top
left panel) and as function of pT (top right panel) at
√
sNN = 200 GeV and 20-40%
centrality class. Momentum anisotropy p = 〈T xx−T yy〉/〈T xx +T yy〉 as a function of
time for the QGP phase alone (bottom left panel) and the HM phase alone (bottom
right panel). p was computed using solely T
µν
0 (see label ideal T
µν) and the full T µν
(see label).
and v2 are presented in Fig. 3. The red curve simulates a medium at collision energy√
sNN = 7.7 GeV using solely a baryon-free EoS. As baryon chemical potential is
turned on in the EoS, while leaving µB = 0 in dilepton rates, the green curve is
obtained. The sharp drop in dilepton yield between the red and greed curve is caused
by the significant change in the temperature profile owing to the presence of the
µB degree of freedom. Inserting µB in dilepton rates yields (blue curve) causes a
significant in-medium broadening of vector mesons as is clearly seen in the dilepton
yield. Baryon diffusion doesn’t generate much entropy production nor does in change
µB or T , hence the dilepton yield with baryon diffusion isn’t significantly changed
and is thus not plotted in the left panel of Fig. 3. However, there is a substantial
change in the v2 of thermal dileptons owing to baryon diffusion (see purple/yellow
curves in the right panel of Fig. 3). This result is promising as it opens the possibility
to constrain κ using thermal dileptons.
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Figure 3: (Color Online) Dilepton yield (left panel) and v2 (right panel) at
√
sNN =
7.7 GeV and for 0-80% centality class.
7 Conclusion
In summary, we have shown tha thermal dileptons are sensitive observables to various
transport coefficients of dissipative hydrodynamics. Thus, one should not solely rely
on hadronic production to constrain the various transport coefficients of dissipative
hydrodynamics: a combination of hadronic and electromagnetic probes (of which
dileptons are a particular category) will yield much improved constraints; a more
robust extraction of transport coefficients thus becomes possible.
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